Introduction
The upregulation of endometrial oxytocin receptors plays an important role in the initiation of luteolysis in ruminants (McCracken et al., 1999) . The binding of oxytocin to endometrial oxytocin receptor initiates the pulsatile secretion of PGF 2α and results in luteal regression (Flint and Sheldrick, 1983) . Oxytocin receptor gene expression is temporally and spatially regulated in the ovine uterus throughout the oestrous cycle. Oxytocin receptors appear first in the luminal epithelium on day 14 in sheep, increasing to a peak at oestrus (day 0) (Wathes and Hamon, 1993; Stevenson et al., 1994) . In cattle, the initial increase in oxytocin receptor concentration occurs between days 15 and 17, preceding luteolysis (Jenner et al., 1991; Mann and Lamming, 1994; Robinson et al., 1999) .
During the ovarian cycle, oestrogen and progesterone, presumably acting through their endometrial receptors (oestrogen receptor α and progesterone receptor, respectively), influence the timing of upregulation of endometrial oxytocin receptor. For example, in sheep, the administration of a large dose of oestradiol in mid-cycle increased endometrial oxytocin receptor concentrations 12 h after the injection and initiated luteolysis (Hixon and Flint, 1987) . In sheep, oestrogen receptor α concentrations are also upregulated during luteolysis, although it is uncertain whether this upregulation begins before or after the increase in oxytocin receptor in the luminal epithelium (Cherny et al., 1991; Wathes and Hamon, 1993) . Conversely, progesterone inhibits oxytocin receptor gene expression during the early to mid-luteal phase (Wathes and Hamon, 1993) . However, the effect of progesterone is temporary and after 12 days of continuous exposure to progesterone, the progesterone block to oxytocin receptor upregulation is lost in sheep (Vallet et al., 1990; Wathes et al., 1996) . The exact mechanism of oxytocin receptor upregulation in the endometrium is still unknown.
During early pregnancy, the upregulation of oxytocin receptor in the endometrial luminal epithelium is
Expression of oxytocin, oestrogen and progesterone receptors in uterine biopsy samples throughout the oestrous cycle and early pregnancy in cows
This study examined the expression patterns of oxytocin and steroid receptors in the bovine endometrium during the oestrous cycle and early pregnancy to elucidate their respective roles in the regulation of luteolysis and the maternal recognition of pregnancy. In Expt 1, uterine biopsies were collected from four cows throughout three oestrous cycles each, to provide daily samples. In Expt 2, uterine tissue was collected on days 12, 14, 16 and 18 of the oestrous cycle (n = 20) or early pregnancy (n = 16). Oxytocin receptor, oestrogen receptor α and progesterone receptor mRNAs were localized by in situ hybridization, and localization of oestrogen receptor and progesterone receptor was confirmed by immunocytochemistry. All three receptors showed time-and cell-specific expression patterns. Oestrogen receptor α increased in all regions at oestrus but high concentrations were also found in the luminal epithelium during the mid-luteal phase and in the deep glands throughout the oestrous cycle. Progesterone receptor expression was higher in the stroma than it was in the types of epithelial cell, and increased expression was observed at oestrus and during the early luteal phase. The cyclical upregulation of oxytocin receptors in the luminal epithelium on about day 16 was not related to preceding changes in the endometrial expression of either oestradiol α or progesterone receptors. During early pregnancy, oxytocin receptor expression was suppressed. Oestrogen receptor α concentrations increased in the non-pregnant cows and decreased in the pregnant cows between days 16 and 18, but these changes followed rather than preceded the upregulation of oxytocin receptors in the non-pregnant cows. It is concluded that the initial upregulation of oxytocin receptors in the luminal epithelium, which triggers luteolysis, is not associated directly with changes in expression of oestrogen receptor α.
suppressed by interferon secreted from the conceptus (Flint et al., 1994; Wathes and Lamming, 1995; Mann et al., 1999) . In pregnant ewes, the expression of oestrogen receptor α is also suppressed during early pregnancy and it has been hypothesized that interferon inhibits oxytocin receptor upregulation by inhibiting a preceding increase in oestrogen receptor α expression (Spencer and Bazer, 1995) . However, previous reports have indicated that the situation might be different in cows as, on day 16, the presence of an embryo had no effect on oestrogen receptor α mRNA and protein concentrations, but oxytocin receptor mRNA expression was suppressed . The aims of the experiments reported here were: (1) to localize and (2) to compare the expression patterns for oxytocin receptor, oestrogen receptor α and progesterone receptor during the oestrous cycle and early pregnancy in the bovine uterus, and (3) to investigate the effect of pregnancy on their expression. Receptor mRNA localization was performed by in situ hybridization and steroid receptor was detected by immunocytochemistry.
Materials and Methods

Animals and experimental design
All experiments were conducted under the Animals (Scientific Procedures) Act 1986. Experiment 1. Uterine biopsy samples were collected over three oestrous cycles from four Holstein-Friesian nonlactating cows, as described by Mann and Lamming (1994) . The biopsy samples were collected on days 14, 15, 16, 17 and 18 of the first cycle, days 6, 8, 10 and 12 of the second cycle and days 0 (oestrus), 2, 4, 19, 20 and 21 of the third cycle. The samples were immediately frozen in liquid nitrogen and stored at -80°C for subsequent analysis. Experiment 2. Twenty-six Friesian-Holstein cows were inseminated at natural oestrus, and a further ten cows were left as uninseminated controls. The cows were killed on one of days 12, 14, 16 or 18 after oestrus, and the uteri were removed and flushed for embryos. Uterine cross-sections, approximately 3 cm in length, were taken from the horn adjacent to the corpus luteum, and frozen and stored as described above. There were 16 pregnant cows in total, and the non-pregnant inseminated cows and uninseminated controls were combined to form a single non-pregnant group (Table 1) .
Measurement of progesterone and oestradiol
Jugular venous blood samples were collected each day from cows in Expt 1 for subsequent measurement of progesterone and oestradiol concentrations. Progesterone was measured in plasma samples, after extraction with petroleum ether, by radioimmunoassay (Haresign et al., 1975) with antisera obtained from J. B. A. Furr (AstraZeneca plc, Macclesfield). The sensitivity of the assay was 0.3 ng ml -1 and the intra-and interassay coefficients of variation were 6.1 and 9.7%, respectively. Oestradiol was measured in plasma using a modified radioimmunoassay kit (Serono Diagnostics, Woking) . The sensitivity of the assay was 0.5 pg ml -1 and the intra-and interassay coefficients of variation were 7.1 and 10.2%, respectively.
Oligonucleotide probes
All probes used were single-stranded oligonucleotides of 45 bases in length (Brabaham Institute, Cambridge). Sense probes were always included as negative controls and any signal from these was regarded as non-specific. The oxytocin receptor sense sequence corresponded to the bovine oxytocin receptor gene bases 3504-3548 (Bathgate et al., 1995) : 5' TTCGTGCAGATGTGGAGTGTCTGGGATGCCGATGCGC-CCAAGGAA 3'.
The oestrogen receptor sense sequence corresponded to the ovine oestrogen receptor α gene bases 564-608 (Madigou et al., 1996) : 5' GGCTATGCGGTGCGCGAAG-CCGGCCCTCCCGCCTACTACAGGCCA 3'.
The progesterone receptor sense sequence corresponded to the ovine progesterone receptor gene bases 531-575 (Madigou et al., 1995) : 5' CTTCTCTCAGTGGTCAAGT-GGTCTAAGTCACTGCCAGGTTTTCGG 3'.
Localization of mRNA by in situ hybridization
The method was based upon that described by Stevenson et al. (1994) and Robinson et al. (1999) . The slides from the in situ hybridization were exposed to β-max hyperfilm (Amersham International, Aylesbury) for 14 days (oxytocin and progesterone receptor) or 24 days (oestrogen receptor).
Photographic emulsions
Slides previously exposed to X-ray film were coated with photographic emulsion LM1 (Amersham International) as instructed and left at 4ЊC for 3 weeks (oxytocin and progesterone receptor) or 5 weeks (oestrogen receptor). The slides were developed in 20% (v/v) phenisol, fixed in 1.9 mol sodium thiosulphate l -1 and counterstained with haematoxylin and eosin to confirm cellular localization of the radioactive signal.
Absorbance measurements
Absorbance measurements were made using a Seescan image analysis system (Seescan plc, Cambridge) as described by Stevenson et al. (1994) . In brief, autoradiographs were projected onto a computer screen, the region of interest was encircled and the mean absorbance reading of this area was measured. The background absorbance, from a blank autoradiograph, was first automatically subtracted. The absorbance value for the sense section was subtracted from the corresponding antisense section. One reading was obtained for the complete length of the luminal epithelium, subepithelial stroma and the whole myometrium from each section, and two sections per cow were used. Four readings were obtained from each section for the superficial glands and deep glands, and two sections per cow were used. A mean value of specific hybridization for each animal was then calculated. The limit of detection was taken as an absorbance value of 0.01.
Immunocytochemical localization of oestrogen and progesterone receptors
The localization of the oestrogen and progesterone receptors was based on the method described by Wathes and Hamon (1993) . The antibodies used were 2.25 µg mouse anti-human oestrogen receptor ml -1 (Dako Diagnostics, High Wycombe) and 5 µg mouse anti-human progesterone receptor ml -1 (Affinity BioReagents, Neschanic Station, NJ). Mouse IgG (5 µg ml -1 ) was used for control sections. The sections were randomly labelled to avoid counting bias and the intensity of the stain determined under a microscope on a scale of 0 (absent) to 4 (very strong).
Data analysis
The data were always checked for homogeneity of variance using Levene's test and were log transformed if appropriate. If the data still showed non-homogeneity of variance, then a non-parametric test was used. The results were considered significant when P < 0.05. Experiment 1. The data were analysed by randomized block ANOVA with day as the fixed factor and cow as the random factor. The error degrees of freedom were adjusted for the repeated measure design using the GreenhouseGeisser Epsilon value. The Greenhouse-Geisser Epsilon value was calculated for each cycle for a particular probe using the repeated measures program in SPSS version 7.0. The data for oxytocin receptor mRNA expression throughout the oestrous cycle were analysed by nonparametric Friedman test because the data showed nonhomogeneity of variance even after data transformation. The data for oestrogen receptor α and progesterone receptor were also analysed by the Friedman test as the data collection is qualitative. If a particular region was missing from the section, the data for the other regions was still included in the data analysis. Any missing values (< 10%) were estimated using the Anderson equation for estimation of missing data in randomized block designs. Only three cows were used for the analysis of oestrogen receptor α and progesterone receptor concentrations in the luminal epithelium as one cow had a large number of sections without luminal epithelium present. No multiple comparisons were performed after the non-parametric Friedman test, as there was no appropriate test. The differential mRNA expression of each probe in different regions of the uterus was compared using the non-parametric Wilcoxon-Sign test.
Experiment 2. The data on oxytocin receptor and oestrogen receptor α mRNA expression were analysed by full factorial two-way ANOVA with day and pregnancy status as fixed factors using the general linear model procedures of ANOVA in SPSS version 7.0. If there was a significant day, pregnancy status or day-pregnancy status interaction effect, then the Fisher's LSD multiple comparisons were performed to determine where the differences lay.
Results
In general, the biopsy samples collected during the oestrous cycle in Expt 1 contained luminal epithelium, superficial glands, deep glands and subepithelial stroma, although some of the sections did not have luminal epithelium. Some of the uterine cross-sections in Expt 2 also contained caruncular stroma. Plasma progesterone and oestradiol measurements taken from cows in Expt 1 are shown (Fig. 1) . The highest concentration of oestradiol was at oestrus, and values started to increase from luteal phase concentrations on day 19. Another smaller peak concentration was evident on days 4-6, during the first wave of follicular development. Progesterone concentrations started to increase on day 3 after oestrus, reaching maximum concentrations on days 12-18 and starting to decrease on day 19.
Oestrogen receptor ␣ expression throughout the oestrous cycle Oestrogen receptor α mRNA was expressed in the luminal epithelium and epithelial cells of the superficial glands (Fig. 2a) . Oestrogen receptor α mRNA concentra- tions in the superficial glands were temporally regulated throughout the oestrous cycle (P < 0.05) (Fig. 3a) . There was a similar tendency in the variation of oestrogen receptor α mRNA concentrations in the luminal epithelium throughout the oestrous cycle, but this failed to achieve significance (Fig. 3b) . In both regions, oestrogen receptor α mRNA concentrations increased at oestrus (day 0), decreased on day 2 and increased again during the early luteal phase (approximately days 4-10). Oestrogen receptor α mRNA concentrations were at their lowest values on days 12-16 in the mid-to late luteal phases, and values started to increase towards their oestrous concentrations from about day 16. It was difficult to localize the deep glands accurately from the autoradiographs and so the concentrations of oestrogen receptor α mRNA in this region were not determined. Oestrogen receptor α mRNA was also present in the subepithelial stroma but this was not quantified. Oestrogen receptor α protein was similarly localized to the luminal epithelium and the epithelial cells of both the superficial and deep glands (Fig. 2g ). In the luminal epithelium, the expression of oestrogen receptor α was temporally regulated throughout the oestrous cycle ( Fig. 3c , P < 0.05) and maximum expression was observed at oestrus and during the mid-luteal phase (days 10-14). Nadirs in oestrogen receptor α concentrations were observed on days 6 and 16. After day 16, the concentration of oestrogen receptor α increased towards oestrous values. In the superficial glands, oestrogen receptor α protein was highest on days 0 and 2, and lower concentrations were observed on days 4-16. Concentrations increased again through the follicular phase (Fig. 3d) . In the deep glands, maximum expression also occurred on days 0-2 of the cycle. Although the maximum expression was followed by a slight decrease, concentrations in this region remained high throughout the oestrous cycle (Fig. 3e) . There was a similar pattern of oestrogen receptor α expression in the subepithelial stroma (data not shown).
Oestrogen receptor α expression during early pregnancy In Expt 2, oestrogen receptor α mRNA was localized in the bovine uterus on days 12-18 of the oestrous cycle or pregnancy using in situ hybridization. Oestrogen receptor α mRNA was detected at low to moderate concentrations in the luminal epithelium and superficial glands and at moderate concentrations in the deep glands (Fig. 2c,d ). The concentrations of oestrogen receptor α mRNA and protein in the deep glands were significantly greater than they were in the luminal epithelium (P < 0.001) and superficial glands (P < 0.001). There was a significant pregnancy ϫ day interaction for oestrogen receptor α mRNA expression in the luminal epithelium (P < 0.001), superficial glands (P < 0.05) and subepithelial stroma (P < 0.01). In nonpregnant cows, the first detectable increase in oestrogen receptor α mRNA was on day 16, and concentrations remained high on day 18 in all uterine regions except the deep glands (Fig. 4) . In pregnant cows, the concentration of oestrogen receptor α mRNA was similar to that of the nonpregnant group on days 12 and 14 in the luminal epithelium and subepithelial stroma, and on day 12 in the deep glands. Concentrations decreased subsequently in all regions in the pregnant cows and were undetectable in all regions except in the caruncles (data not shown) by day 18.
Progesterone receptor expression throughout the oestrous cycle Progesterone receptor mRNA was expressed mainly in the subepithelial stroma and superficial glands throughout the oestrous cycle (Fig. 5a,c) , and was also localized to the luminal epithelium, but at much lower concentrations (Fig.  5) . Progesterone receptor mRNA expression was temporally regulated throughout the oestrous cycle in both the subepithelial stroma (P < 0.01) and superficial glands (P < 0.05) (Fig. 6a,b) . In both the subepithelial stroma and superficial glands, progesterone receptor mRNA was expressed in moderate amounts at oestrus and expression was maintained at this level during the early luteal phase. In both these regions, the amounts of progesterone receptor mRNA started to decrease between days 8 and 10 and remained low throughout the rest of the luteal phase. On days 15-16, the concentrations of progesterone receptor mRNA in both the subepithelial stroma and superficial glands started to increase and by day 21 were similar to concentrations recorded at oestrus (day 0).
In the endometrial biopsy samples (Fig. 5e,g ), progesterone receptor was localized to the nucleus of the superficial glands and subepithelial stroma cells throughout the oestrous cycle. In the luminal epithelium, progesterone receptor was localized to the nucleus only on day 6 in two out of three cows (Fig. 5e) . However, there was specific immunostaining along the apical surface of the luminal epithelium. This specific apical surface immunostaining was also observed in the superficial glands on days 12-14 (Fig.  5f ). The intensity of the apical surface immunostaining in the luminal epithelium changed during the oestrous cycle bovine uterus on day 14 in a (c) non-pregnant or (d) pregnant cow. In both the non-pregnant and pregnant animals, there is moderate expression of oestrogen receptor α mRNA in the luminal epithelium and superficial glands and high expression in the deep glands. (e) Antisense and (f) sense section of non-pregnant uterus at day 14 coated with photographic emulsion and counterstained with haematoxylin and eosin, showing strong expression of oestrogen receptor α mRNA in the luminal epithelium and low expression in the subepithelial stroma. (g) Immunocytochemical localization of oestrogen receptor α in the endometrium from a biopsy sample from an oestrous cow. There was strong staining in the nuclei of the luminal epithelium, subepithelial stroma and superficial gland cells. (h) Corresponding control section treated with mouse IgG. DG: deep gland cell; LE: luminal epithelium; M: myometrium; SG: superficial gland; SS: subepithelial stroma. Scale bars represent (a-d) 2.5 mm, (e,f) 2 µm and (g,h) 10 µm.
(P < 0.05): the lowest intensity of staining was observed during pro-oestrus and the highest intensity staining on day 12 (Fig. 6c) . The expression of progesterone receptor protein was temporally regulated in both the superficial glands (P < 0.05) and subepithelial stroma (P < 0.05). In the superficial glands, the concentration of progesterone receptor was low at oestrus, increased during the early luteal phase and reached a peak value on days 6-8. The large variability seen over this period was probably due to peak values occurring on slightly different days in different cows. After day 8, progesterone receptor concentrations gradually decreased and became undetectable from day 12 to day 20 (Fig. 6d) . In the subepithelial stroma, the highest expression of progesterone receptor was observed from day 0 to day 8 and the lowest expression was during the mid-to late luteal phase (Fig. 6e) . Progesterone receptor expression was not Oxytocin receptor expression throughout the oestrous cycle
Oxytocin receptor mRNA was localized to the luminal epithelium and superficial glands at oestrus (Fig. 7a,c) . Oxytocin receptor mRNA was expressed in a cyclical manner in both the luminal epithelium and superficial glands (P < 0.001) and the highest expression was observed at oestrus (Fig. 8a,b) . After oestrus, oxytocin receptor mRNA concentrations decreased and were undetectable between day 6 and day 15. Oxytocin receptor mRNA concentrations became detectable again in the luminal epithelium of one of the four cows on day 16 and in the remaining three cows on day 17, when they were also first apparent in the superficial glands. Oxytocin receptor mRNA concentrations continued to increase during the follicular phase and on day 21 returned to concentrations similar to those observed at oestrus.
Oxytocin receptor expression during early pregnancy
In Expt 2, no oxytocin receptor mRNA was detectable on day 12, although it was present in the luminal epithelium of two of five non-pregnant animals on day 14 and in three of four non-pregnant cows on day 16, at which time oxytocin receptor mRNA expression had spread to the superficial glands (Fig. 7e,g ). There was a significant day effect on oxytocin receptor mRNA concentrations, and the highest concentrations were observed on day 18 (P < 0.01) (Fig. 8c) . Expression of oxytocin receptor mRNA was undetectable in all the pregnant animals during this period (Fig. 7f) , except for in one pregnant cow at day 18, in which the oxytocin receptor mRNA concentration of 0.27 absorbance units was similar to the oxytocin receptor concentrations observed in the non-pregnant cows at day 18 (Fig. 8c) . The embryo collected from this cow presumably was not secreting sufficient interferon to prevent oxytocin receptor upregulation. This animal was omitted from the steroid receptor analysis. In the cow with detectable oxytocin receptor mRNA on day 18, the concentrations of oestrogen receptor α mRNA were similar to those in the luminal epithelium of the non-pregnant group at day 18 (absorbance = 0.09 versus 0.07 Ϯ 0.02).
Discussion
This study examined the expression patterns of oxytocin receptor, oestrogen receptor α and progesterone receptor mRNAs and their proteins in the bovine endometrium and showed that the localization of all three receptors was influenced by both the stage of the oestrous cycle and pregnancy. By comparing the temporal patterns of the different receptors, this work has provided insights into the possible regulation of their expression.
The concentrations of both oestrogen receptor α and progesterone receptor mRNA and protein were generally high at oestrus and low during the luteal phase. This finding is consistent with those of a number of other studies in cows (Hendricks and Harris, 1978; Meyer et al., 1988; Boos et al., 1996) and sheep (Cherny et al., 1991; Wathes and Hamon, 1993; Spencer and Bazer, 1995) and supports the hypothesis that oestradiol has a stimulatory effect on expression of oestrogen receptor α and progesterone receptor, whereas progesterone is generally inhibitory (Wathes et al., 1996; Ing and Tornesi, 1997 ). This conclusion is supported by the report by Xiao and Goff (1998) that oestradiol increases oestrogen receptor α and progesterone receptor concentrations in a dose dependent manner in bovine epithelial and stromal cells in culture.
The expression of oestrogen receptor α during the oestrous cycle had several notable exceptions to the general situation described above. (1) Oestrogen receptor α concentrations in the luminal epithelium reached peak values of similar magnitude at both oestrus and in the midluteal phase. Boos et al. (1996) reported that oestrogen receptor α in the luminal epithelium was greater on day 14 compared with day 7 in bovine luminal epithelium. In contrast, previous studies in sheep found that concentrations of oestrogen receptor α in the luminal epithelium are low throughout the luteal phase and increase only during the follicular phase (Wathes and Hamon, 1993; Spencer and Bazer, 1995) . This finding indicates that oestrogen receptor α concentrations remain higher in the luminal epithelium during the luteal phase in cows than they do during this phase in ewes. (2) In the superficial glands, the expression patterns for oestrogen receptor α mRNA and protein were different: oestrogen receptor α mRNA increased during the early luteal phase when oestrogen receptor α protein concentrations were declining. This finding indicates that oestrogen receptor α expression is controlled posttranscriptionally as was suggested by Ing et al. (1996) after studies in which oestradiol was administered to ovariectomized sheep. (3) In agreement with previous studies in sheep (Wathes and Hamon, 1993; Spencer and Bazer, 1995) , the expression of oestrogen receptor α in the deep glands was maintained at high concentrations throughout the oestrous cycle. These receptors may be required to stimulate glandular secretions or to relay information on plasma oestradiol concentrations to the other types of endometrial cell via paracrine interactions.
In both the present and a previous study (Xiao and Goff, 1998) , progesterone receptor concentrations were found to be higher in the bovine uterine stroma compared with those in the epithelial cells, and expression in the subepithelial stroma was highest between oestrus and day 8 and lowest during the mid-and late luteal phases. Previous reports have demonstrated similar expression patterns for progesterone receptor and progesterone binding sites in this region in cows (Meyer et al., 1988; Boos et al., 1996) and sheep (Spencer and Bazer, 1995) . In the luminal epithelium, progesterone receptor mRNA expression was very low throughout the oestrous cycle. Furthermore, progesterone receptor was detected in the nucleus of the luminal epithelium cells only on day 6 (in two of three cows) and was not detected at all other times. Previous reports have also shown that progesterone receptor in the luminal epithelium reaches maximum concentration on days 6-8 and that it is generally not detectable at other stages of the oestrous cycle (cows: Boos et al., 1996; sheep: Wathes and Hamon, 1993; Spencer and Bazer, 1995) . However, specific immunostaining along the apical surface of the luminal epithelium (and occasionally the superficial glands) was observed in the present and a previous study , and the highest intensity of staining was recorded on day 12. In sheep, Wathes and Hamon (1993) also showed specific immunostaining along the apical luminal epithelium surface using a different antibody to progesterone receptor. The immunostaining may represent progesterone receptors on the membrane surface. Specific non-genomic membrane binding sites for progesterone have been identified in the bovine corpus luteum (Rae et al., 1998) and in human spermatozoa (Luconi et al., 1998) . There were slightly different expression patterns for progesterone receptor mRNA and protein in the superficial glands; progesterone receptor mRNA concentrations increased during the follicular phase but the increase in progesterone receptor did not occur until after oestrus. This finding indicates that there was post-transcriptional control of progesterone receptor concentrations, and is in agreement with the results of a study in ewes by Spencer and Bazer (1995) .
The expression of oxytocin receptor mRNA was regulated cyclically. The highest expression of oxytocin receptor mRNA was observed at oestrus and the lowest (not detectable) expression was observed during the luteal phase. These findings are in strong agreement with other studies of oxytocin receptor mRNA and protein concentrations in cows (Meyer et al., 1988; Fuchs et al., 1990; Jenner et al., 1991; Cerbito et al., 1997) and sheep (Ayad et al., 1991; Wathes and Hamon, 1993; Stevenson et al., 1994) . Several studies in cows used radioreceptor assays to demonstrate that the increase in oxytocin receptor occurred on day 15 (Fuchs et al., 1990; Jenner et al., 1991; Mann and Lamming, 1994) . Furthermore, injection of oxytocin into non-pregnant cows failed to release PGF 2α on day 15 but did so on day 16 . In the present study, oxytocin receptor was first observed in the luminal epithelium on day 16 (Expt 1) and day 14 (Expt 2). In Expt 1, oxytocin receptor appeared before any changes in plasma concentrations of progesterone or oestradiol, indicating that the upregulation of oxytocin receptor was not the result of changes in plasma steroid hormone concentrations. In Expt 1, oxytocin receptor mRNA concentrations started to decrease again immediately after oestrus in both the luminal epithelium and superficial glands, preceding the increase in circulating progesterone. This finding may be related to the decreasing oestradiol concentrations observed after oestrus . (a,b) Expression of progesterone receptor mRNA in the subepithelial stroma underlying the luminal epithelium and superficial glands, respectively. The values are the mean Ϯ SEM absorbance units (n = 3-4 cows per day). In both regions, there was a significant day effect (P < 0.05) and all values significantly greater than the lowest value (day 15) are marked with an asterisk (P < 0.05). (c-e) Progesterone receptor concentrations measured in the luminal epithelium, superficial glands and subepithelial stroma. In the luminal epithelium, staining was localized to the apical surface of the cells whereas in the superficial glands and subepithelial stroma it was present in the cell nuclei as expected. On days 12-14, there was also staining along the apical surface of the superficial glands. Values were scored on a range of 0 (undetectable) to 4 (intense) staining and are the mean Ϯ SEM of three or four time points. There were significant day of oestrous cycle effects in all cases (P < 0.05) but comparisons were not made between individual days.
However, during the early luteal phase, the continued suppression of oxytocin receptor is likely to be attributable to progesterone acting through progesterone receptors, which are present at high concentrations in the stroma at this time. Several studies have demonstrated that progesterone alone can suppress oxytocin receptor expression in ovariectomized animals (cows: Lamming and Mann, 1995; sheep: Vallet et al., 1990; Fairclough and Lau, 1992; Cann et al., 1994; Wathes et al., 1996) and reduce oxytocin binding in ovine endometrial cultures (Sheldrick and Flick-Smith, 1993; Abayasekara et al., 1995) , although the reduction of oxytocin binding in ovine endometrial cultures may be a consequence of progesterone inhibiting the direct binding of oxytocin to oxytocin receptor (Grazini et al., 1998) . The action of progesterone is probably indirect, as no progesterone response element has been identified in the bovine oxytocin receptor gene promoter (Bathgate et al., 1995) and progesterone does not suppress oxytocin receptor expression in cultured bovine epithelial cells (Horn et al., 1998) . The exact mechanism whereby oxytocin receptor expression is subsequently upregulated in the uterus is not understood. Uterine oxytocin receptor concentrations increase in ovariectomized animals when they are treated with progesterone for longer than 10 days (cows: Lamming and Mann, 1995; sheep: Vallet et al., 1990; Fairclough and Lau, 1992; Beard and Lamming, 1994; Wathes et al., 1996) . One explanation for progesterone losing its inhibitory effect is that it downregulates its own receptor (McCracken et al., 1999) . However, in Expt 1, progesterone receptor concentrations decreased between day 8 and day 10 in the stroma and glands but oxytocin receptor upregulation did not begin until day 16, at least 6 days after progesterone receptor expression had returned to basal values. It is likely that the suppressive effect of progesterone receptor has to be removed before oxytocin receptor concentrations can increase, but this factor alone does not cause the induction of oxytocin receptor upregulation. However, the apical surface staining for progesterone receptor along the luminal epithelium started to decline on day 12 and was undetectable by day 18. Whether this decrease in progesterone receptor is a signal for oxytocin receptor upregulation warrants further investigation.
An alternate hypothesis is that oestradiol acting via oestrogen receptor α induces the upregulation of oxytocin receptor, as administration of oestrogen to both cyclic (midluteal phase) and ovariectomized ewes in vivo leads to an increase in endometrial oxytocin receptor concentrations (sheep: Hixon and Flint, 1987; Spencer et al., 1995a,b; goats: Cooke et al., 1998) . This hypothesis implies that oestrogen receptor α expression is upregulated before change in oxytocin receptor gene expression occurs. In Expt 1, oestrogen receptor α in the luminal epithelium increased between day 16 and day 18, slightly after oxytocin receptor upregulation. Furthermore, in Expt 2, oxytocin receptor mRNA was first detectable on day 14, whereas the first significant increase in oestrogen receptor α mRNA did not occur until day 16. In ewes, the precise relationship between the timing of oestrogen receptor α and oxytocin receptor upregulation is equivocal. The results of one study indicate that oestrogen receptor α concentrations increase before oxytocin receptor concentrations (Spencer et al., 1998) , whereas the results of another study indicate the reverse (Wathes and Hamon, 1993) . It may be that the upregulation of oxytocin receptor does not require upregulation of oestrogen receptor α in the luminal epithelium, but is mediated by paracrine actions through oestrogen receptor α in the deep glands.
There is considerable evidence that oestradiol is not essential for oxytocin receptor upregulation and that oxytocin receptor may be constitutively expressed in the epithelial cells. For example, oxytocin receptor mRNA is present in the luminal epithelium of ovariectomized ewes (Wathes et al., 1996) and oxytocin receptor develops spontaneously in endometrial explants and dispersed epithelial cells in the absence of steroids (Sheldrick and Flick-Smith, 1993; Horn et al., 1998; Leung and Wathes, 2000) . Although there is an oestrogen receptor response element (ERE) in the coding region of the oxytocin receptor gene and three half-palindromic ERE sites in the 5' promoter, preliminary binding studies in vitro indicate that oestrogen receptor α does not bind to these sites (Bathgate et al., 1998) . Collectively, these results indicate that oestradiol is not essential for the initial development of oxytocin receptor in the luminal epithelium, although it may speed up the process (Leung and Wathes, 2000) and assist the spread of oxytocin receptor to other types of cell once luteolysis has been initiated.
The present study has also provided additional information on the regulation of endometrial oestrogen receptor α and oxytocin receptor concentrations in early bovine pregnancy. The presence of an embryo had no effect on oestrogen receptor α mRNA concentration on days 12-14 in the luminal epithelium, superficial glands or subepithelial stroma. However, on days 16-18, oestrogen receptor α mRNA concentrations increased in the luminal epithelium of non-pregnant cows, whereas they declined during this period in pregnant cows, becoming undetectable on day 18. Robinson et al. (1999) reported no difference in the concentrations of oestrogen receptor α mRNA between pregnant and non-pregnant cows on day 16, possibly reflecting slightly different cycle durations between the animals in the two studies. Hendricks and Harris (1978) also found that the concentration of oestradiol binding sites in the pregnant bovine endometrium was similar to that in non-pregnant controls on days 13-14. Therefore, endometrial oestrogen receptor α concentrations are downregulated during early bovine pregnancy, presumably through the actions of interferon as discussed below, but not until days 16-18. No oxytocin receptor mRNA was detected in the pregnant endometrium on days 12-18 except in one pregnant cow on day 18, which would presumably have undergone luteolysis and returned to oestrus. A significant difference in , 1990; Jenner et al., 1991; sheep: Ayad et al., 1991; Wathes and Hamon, 1993; Stevenson et al., 1994) . Interferon , shown to be present in the uterine lumen, presumably suppressed endometrial oxytocin receptor expression. This finding is supported by the observations that recombinant interferon can inhibit the expression of oxytocin receptor both in vivo (Spencer et al., 1995c (Spencer et al., , 1998 Spencer and Bazer, 1996) and in endometrial explant culture (cows: Horn et al., 1998; Leung et al., 2001; sheep: Abayasekara et al., 1995) . In ewes, it has been hypothesized that the inhibitory action of interferon on oxytocin receptor upregulation is achieved indirectly by inhibiting the upregulation of oestrogen receptor α Spencer et al., 1995a) . However, this hypothesis is not supported by the data in cows reported here and previously . In Expt 2, endometrial concentrations of oestrogen receptor α mRNA did not start to decrease until day 16 of pregnancy, whereas oxytocin receptor mRNA had started to increase on day 14 in non-pregnant cows, indicating that the downregulation of oestrogen receptor α did not precede the oxytocin receptor upregulation. Interferon may instead act through the interferon type 1 receptor to suppress expression of the oxytocin receptor gene directly. The oxytocin receptor gene promoter region contains an interferon response element (IRE), and interferon regulatory factors (IRF)-1 and -2 bind to the IRE site (Bathgate et al., 1998) . Furthermore, interferon could suppress endometrial oxytocin receptor in bovine endometrial explants cultured in the absence of oestradiol in the medium (Leung et al., 2001 ).
In conclusion, the expression of oxytocin receptor, oestrogen receptor α and progesterone receptor was generally highest at oestrus and lowest during the luteal phase, indicating that oestradiol has a stimulatory action and progesterone has an inhibitory action on the expression of these genes in cows. However, there are important differences in the control of receptor expression among different types of endometrial cell. In general, the upregulation of oxytocin receptor first occurred in the luminal epithelium on days 16-17, although it was observed as early as day 14 in some cows. However, oestrogen receptor α upregulation did not precede increases in oxytocin receptor gene expression. During early pregnancy, interferon suppressed the expression of both oxytocin receptor and oestrogen receptor α. (Table 1) . Oxytocin receptor mRNA was not detectable in the pregnant cows. In the nonpregnant cows, the concentrations of oxytocin receptor mRNA increased significantly from day 12 to day 18 (P < 0.05): a > b > c > d; P < 0.05.
emulsion and counterstained with haematoxylin and eosin. The silver grains clearly show that the oxytocin receptor mRNA was localized to the luminal epithelium. (e,f) Localization of oxytocin receptor mRNA in the uterus from a (e) non-pregnant or (f) pregnant cow on day 18. Oxytocin receptor mRNA in the luminal epithelium is present only in the non-pregnant cow, although there is low expression in the myometrium in both. (g) Photographic emulsion from a section of endometrium from a non-pregnant cow on day 18 confirming the high specific hybridization in the luminal epithelium. (h) Corresponding sense section is blank. LE: luminal epithelium; M: myometrium; SG: superficial gland. Scale bars represent (a,b,e,f) 2.5 mm, (c,d) 2 µm and (g,h) 5 µm.
